ABSTRACT: An attempt was made to investigate the sensitivity of water resources to climate change in the Awash River Basin in Ethiopia. The climate of the basin varies from humid subtropical to arid. The basin was divided into 3 subcatchments for better resolution in calibration and simulation. Stationbased meteorological data were processed to obtain areal averages necessary for the simulation. Different sets of temperature and rainfall scenarios were developed using GCM (both transient and CO 2 doubling) and incremental scenarios. The IIASA integrated water balance model (WatBal) was used to estimate runoff under a changed climate. The model represents the water balance among surface outflow, subsurface outflow, and evapotranspiration. The model was calibrated using a 10 yr period (1971 to 1980), validated with the next 6 yr period (1981 to 1986), and then applied for different climate scenarios. Results of the impact assessment over the basin showed a projected decrease in runoff, which ranged from -10 to -34%, with doubling of CO 2 and transient scenarios of CO 2 increase (GFD3, CCCM, GF01). Sensitivity analysis based on incremental scenarios showed that a drier and warmer climate change scenario results in reduced runoff.
INTRODUCTION
Scientific evidence indicates that due to increased concentration of greenhouse gases in the atmosphere, the climate of the Earth is changing; temperature is increasing and the amount and distribution of rainfall is being altered (Houghton et al. 1996) . The IPCC Scientific Assessment suggests that global average temperature may increase between 1.5 and 4.5°C, with a 'best estimate' of 2.0°C, in the next century with a doubling of the CO 2 concentration in the atmosphere (Houghton et al. 1996) .
By affecting certain components of the hydrological cycle, especially precipitation and runoff, a change in climate can alter the spatial and temporal availability of water resources. Climate change that reduces either the overall quantity of water or the timing of when water is available for use will have important effects on agriculture and industrial and urban development.
Increasing variability alone would enhance the probability of both flood and drought (William 1988) . The climatic impact on the water regime may also exacerbate other environmental and social effects of water management. For instance, reduced river runoff can concentrate the effects of pollutants or exacerbate the spread of water-borne disease. Climate fluctuations can also affect the use of agricultural land associated with irrigation systems. Climate change will greatly complicate the design, operation, and management of water-use systems (Gleick & Shiklomanov 1989) . On the other hand, climate change that increases overall water availability could either be beneficial or could increase the risk of flooding. Regions with an arid and semi-arid climate could be sensitive to even insignificant changes in climatic characteristics (Linz et al. 1990 ). The impact of climate change on water resources is so integrated into different sectors, such as agriculture, health, urbanization, fisheries, and so forth, that it has motivated many to conduct studies using different approaches and come up with a variety of results (Beven 1989 , McCabe 1990 , 1992 , Mimikou 1991 , Dooge 1992 , Kenneth et al. 1994 , Niemann et al. 1994 .
Therefore, quantitative estimates of hydrologic effects of climate change are essential for understanding and solving the potential water resource management problems associated with water supply for domestic and industrial water use, power generation, and agriculture as well as for future water resource planning, reservoir design and management, and protection of the natural environment.
The objective of this study is to develop a better understanding of the impact of climate change on the water resources of the Awash River Basin in Ethiopia. The Awash River Basin was chosen for the following reasons: (1) it covers a wide climatic zone (from humid subtropical to arid); (2) it is relatively well developed (irrigation, hydroelectric plant) in Ethiopia; (3) several towns, including the capital, Addis Ababa, and industrial enterprises lie within the basin; (4) it has a relatively long-running and dense meteorological and hydrological observation network.
DATA AND METHODOLOGY
The Awash River starts in the highlands of central Ethiopia, at an altitude of about 3000 m above sea level. After flowing to the southeast for about 250 km, the river enters the Great Rift Valley at an altitude of 1500 m, and then follows the valley for the rest of its course to Lake Abe on the border with the Djibouti Republic, at an altitude of about 250 m. The total length of the river is about 1200 km and its catchment area is 113 700 km 2 . The Awash River drains the northerly part of the Rift Valley in Ethiopia from approximately 8.5°N to 12°N (Fig. 1) , and by percolation about 38 000 m 3 yr -1 (FAO/SF 1964). The climate of the Awash River Basin varies from humid subtropical over central Ethiopia to arid over the Afar lowlands (Daniel 1977 , Lemma 1996 .
2.1. Data organization. The Awash River Basin was divided into 3 subcatchments: upper (upstream from Koka Dam station), middle (between Koka and Awash station), and lower (between Awash and Tendaho station) for a better resolution in the calibration and simulation routines. However, the impact assessment was done over the whole of the basin by summing up the 3 subcatchments' discharges into one. Stationbased meteorological data were organized at the subbasin level for the 3 subcatchments; the inverse distance weighting technique of the grid method GRASS (Solomon & Cordery 1984) was used to obtain subcatchment average rainfall values for the 12 mo of the year for the period [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . A simple arithmetic mean was used to derive subcatchment average values for the other meteorological parameters.
Mean monthly temperature and monthly total rainfall from 25 and 61 stations, respectively, within the basin and its vicinity, for the period 1971-1990, as well as temporal averages of relative humidity (15 stations) and sunshine duration (17 stations) obtained from the National Meteorological Services Agency archive were used as the basic meteorological data. For stations with missing data, monthly mean and median values were used for temperature and rainfall, respectively. Observed mean monthly river discharge for 11 subcatchments of Awash River Basin was used as the basic hydrological data (obtained from the Awash Water Development Study, Ministry of Water Resources). Outputs from general circulation models (GCMs) of the Canadian Climate Centre (CCCM) and the Geophysical Fluid Dynamics Laboratory (GFD3), for a doubling of CO 2 condition, and from the Geophysical Fluid Dynamics Laboratory (GFDL) models GF01, GF4, and GF7, for a transient increase of CO 2 , were used for the projection of Awash River runoff in the future.
2.2. Climate change scenarios. Different sets of scenarios were developed to cover the possible range of impacts -incremental and GCM based (both transient and CO 2 doubling). In applying the GCM results, the past climatological data have temperature changes added and are multiplied by the predicted rainfall ratios to obtain the perturbed climate. In the incremental scenario, a hypothetical increase in temperature (+ 2 or + 4°C) and a change in rainfall (-20, -10, 0, +10 or + 20%) are applied. To form a data set of the climate components on a subbasin level, each sub-basin was divided into 1°× 1°grid points, and the GCM outputs (changes) for the grid center were averaged over the sub-basin.
2.3. Runoff model. The International Institute for Applied Systems Analysis (IIASA) integrated water balance model (WatBal) was used to project runoff under a changed climate (2 × CO 2 and transient). The model was calibrated for a certain period of time, validated for another time span, and simulated under changed climate to obtain perturbed runoff so as to see the extent of the climate change impact.
This conceptual model represents the water balance by the use of continuous functions of relative storage to represent surface outflow, subsurface outflow, and evapotranspiration. The groundwater discharge element of the water balance is referred to as subsurface flow, which is a conceptualization of groundwater discharge as a single function. In this approach, the mass balance is represented by a differential equation, and all storage functions are included in a single mass balance. All components of discharge and infiltration are dependent upon the state variables related to the hydrological cycle relative storage, with the exception of baseflow, which is given as a constant in the mass balance equation. The model contains 5 parameters, which are related to baseflow, direct runoff, surface runoff, subsurface runoff, and maximum catchment water holding capacity. Varying time steps can be used depending on the data availability and basin characteristics. This approach was implemented using the WatBal software (Niemann et al. 1994 , Yates 1994 .
WatBal needs to be calibrated and validated with a historical database before it is used to simulate the runoff under different climate scenarios. Therefore, a 16 yr period (1971 to 1986) was used for this purpose based on the availability of hydrological data. The first 10 yr (1971 to 1980) were used for calibration and the remaining 6 yr (1981 to 1986) for validation. Once calibration of the model by identifying optimal values for the 3 parameters is done, the same parameters are applied in the simulation. The 2 parameters baseflow and direct runoff are set to a constant based on the characteristics of the basin.
RESULTS AND DISCUSSION

Calibration and validation
Figs. 2 to 4 show results of the observed versus modeled discharge for the validation and calibration periods for the 3 subcatchments. Table 1 shows the correlation coefficients between modeled and observed discharge with the average error of estimation for the 3 subcatchments, indicating high correlations between observed and estimated data. Table 2 shows the optimum parameters obtained after the model run. Using the calibration parameters in Table 2 , the model was employed to forecast runoff under a variety of climate change scenarios to give the anticipated runoff (water supply) under a changed climate. The correlation coefficients and average error values did not show a large difference between the validation and calibration por-93 tions of the time series, except for the middle Awash River Basin subcatchment, which may result from some extremely high flows in the validation time series. Thus, the model performance is assessed to be sufficient for assessing the range of uncertainty and scale of climate change. Table 3 shows the effect of the prescribed climate change scenarios -that is, uniform temperature and precipitation adjustments -on water supply (annual runoff). It shows the anticipated changes in runoff (supply) compared with the present-day runoff. According to the results over the whole basin, runoff decreases significantly in warmer and drier scenarios. A 20% decrease in rainfall coupled with a 2°C increase in temperature would result in a 41% decrease in the annual runoff. Even a temperature increase of 2°C without precipitation change would result in a 9% decrease in annual runoff. On the other hand, an increase of precipitation by 10% would offset a 2 to 4°C increase in temperature and result in a surplus of runoff ranging from 4 to 12%. 
Water supply changes based on prescribed scenarios
Water supply changes based on GCM
Over the Awash River Basin, a temperature increase of 2.4 and 3.0°C, respectively, is projected by the CCCM and GFD3 models for a doubling of CO 2 . GFD3 shows a 5% increase in precipitation, while CCCM indicates a 2% decrease with doubling of CO 2 . Table 4 shows the results of the GCM scenarios for change in runoff: CCCM, GFD3, GF4, GF7, and GF01 all show a decrease in runoff ranging from 10 to 34%. Therefore, the Awash River Basin would be significantly affected by the changed climate; that is, a considerable water deficit is projected. All models suggested that global warming would result in a general increase in dryness, which would decrease water availability.
CONCLUSION
From this impact assessment study, it can be concluded that the general warming simulated by all GCMs under CO 2 doubling would result in a substantial decrease in annual runoff over the Awash River Basin. Modeled runoff ranges from -10 to -34% relative to observed runoff. Sensitivity analysis based on incremental scenarios showed that a drier and warmer climate change scenario results in reduced runoff. Areas where precipitation does not increase sufficiently to offset the temperature increase will have significant risk of drought.
Results of climate change assessment are highly dependent on the input data and uncertainty of the models. Thus, further study in the area with updated data and a variety of models is required. In addition, possible adaptation options to the impacts on the basin must also be studied. A complete study should also take into consideration integrating other factors such as anticipated developments in agriculture and industry and population growth in the basin, and the parallel impacts of climate in these sectors. 
